There is a great interest in electronic transitions in hydrogen-rich materials under extreme conditions. It has been recently suggested that the group IVa hydrides such as methane (CH4), silane (SiH4), and germane (GeH4) become metallic at far lower pressures than pure hydrogen at equivalent densities because the hydrogen is chemically compressed in group IVa hydride compounds. Here we report measurements of Raman and infrared spectra of silane under pressure. We find that SiH4 undergoes three phase transitions before becoming opaque at 27-30 GPa. The vibrational spectra indicate the material transforms to a polymeric (framework) structure in this higher pressure range. Room-temperature infrared reflectivity data reveal that the material exhibits Drudelike metallic behavior above 60 GPa, indicating the onset of pressure-induced metallization.
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high pressure ͉ hydrogen-rich materials A s the lightest and putatively simplest of the elements, hydrogen forms a diatomic molecular gas at ambient conditions. In 1935, Wigner and Huntington (1) first predicted that molecular hydrogen would undergo a transition to a metallic state under sufficiently strong compression. Metallic hydrogen is also predicted to be superconducting with a high transition temperature (2, 3) . Studies of hydrogen have long been a major driving force in high-pressure science and technology development and remain an important challenge in modern physics and astrophysics (4) . Shock-compressed fluid hydrogen reported to be metallic at 140 GPa and 3000 K based on measurements of electrical conductivity (5), but the experimental realization of metallic hydrogen in the solid form has remained elusive (6) (7) (8) . Nevertheless, there has been remarkable progress in the study of other low-Z systems at high density, including the discovery of superconductivity in lithium at high pressures with a transition temperature as high as 20 K (9-11).
Ashcroft (12) has suggested that the dense hydrides of group IVa elements (C, Si, Ge, and Sn) would undergo a transition to eventual metallic and superconducting state at pressures considerably lower than may be necessary for solid hydrogen because hydrogen has already been compressed in these hydride compounds. Recent theoretical studies predict that silane (SiH 4 ) (13-15), germane (GeH 4 ) (16), and stannane (SnH 4 ) (17) metallize at much lower and accessible pressures. However, surprisingly little information is available about the high-pressure behavior of these heavy group IVa hydrides (18, 19) . An insulator to semiconductor transition for solid SiH 4 was reported at 100 GPa from reflectivity data at visible wavelengths (18) . Synchrotron x-ray diffraction measurements (19) showed that the crystal structure of SiH 4 in the pressure range between 10 and 25 GPa is monoclinic with space group P2 1 /c, and four molecules in the unit cell. Until now, there has been no report on the metallization in the group IVa hydrides. It is therefore of interest to explore their metallic phases at high pressures.
Here we present measurements of Raman and synchrotron infrared spectroscopy of solid SiH 4 in diamond anvil cells up to 70 GPa. We find that, after passing through four phase transition, solid SiH 4 undergoes major changes in optical properties in the visible range at 27-30 GPa. The infrared spectra reveal an increase in reflectivity starting at 60 GPa indicative of pressureinduced metallization. Therefore, SiH 4 can be considered as the first example for the metallization of a group IVa hydride.
Results
Vibrational spectroscopy is crucial for characterizing highpressure phase transformation of low-Z molecular materials. The symmetry of the isolated SiH 4 molecule is T d ; therefore, it has four normal vibrational modes. These are labeled 1 (A 1 ), 2 (E), 3 (F 2 ), and 4 (F 2 ), all of which exhibit Raman activity, whereas only the two F 2 modes are infrared active. In the fluid phase (98 K), 2 appears at 961.7 cm Ϫ1 in the Raman spectrum, whereas the 3 Ϸ 1 bands cannot be entirely resolved due to overlap of the Raman bands in this region and possible partial mixing of the two modes (20) . The 4 band at 881.7 cm Ϫ1 in the fluid SiH 4 has been detected by infrared measurements (20, 21) . We have measured the Raman spectra of SiH 4 at room temperature and various pressures up to 31.6 GPa. The results up to 2,400 cm Ϫ1 are shown in Fig. 1 . For low-pressure fluid SiH 4 , the observed spectrum agrees well with previous experiments (20) (21) (22) .
We observed multiplet spectra at both low and high frequencies above 4 GPa. Both the profile and relative intensities of the multiplet spectra change markedly at higher pressures. Lattice phonons with low intensity are observed below 500 cm Ϫ1 in the solid and pressure shifts them to higher frequencies. The 2 bands at Ϸ900 cm Ϫ1 are characteristic of vibrations associated with SiOH bending and the high-frequency bands 3 Ϫ 1 at 2,200 cm Ϫ1 can be assigned to SiOH bond stretching. The multiplicity of components for the observed fundamental indicates that there is more than one molecule per primitive unit cell in solid SiH 4 . Structure studies (19) showed that SiH 4 has a monoclinic phase with P2 1 /c symmetry between 10 and 25 GPa, with four molecules in the unit cell. SiH 4 thus has 60 vibrational modes in the Brillouin zone center. The symmetries of these modes are 15A g ϩ 15A u ϩ 15B g ϩ 15B u , where A u ϩ 2B u are acoustic modes and the rest are optic modes, the g modes exhibit Raman activity, whereas the u modes are infrared active. Among them, 12 are translational, including the acoustic modes mentioned above, 12 are rotational, and the rest are internal modes. Each fundamental correlates with modes of all symmetries in broad agreement with the observed spectra. The number of the observed modes is smaller than the number predicted because some are either not observed or nearly degenerate.
At atmospheric pressure, solid SiH 4 crystallizes in two lowtemperature phases, with a transition temperature at 63.8 K from the fluid to phase I (21) and the second phase appearing at 38 K (I-II) (22) . All of our measured spectra are entirely different from those of phase I and II (20) to new phases. Photomicrographic images of samples taken at various pressures can be used to determine the phase boundaries. On freezing at 1.7 GPa at room temperature, SiH 4 was observed to be transparent and colorless. Solid-fluid phase transition occurs at Ϸ4.0 GPa. The color of the solid phases remains unchanged over a wide pressure range. However, the samples begin to become black in transmission at Ϸ27 GPa and the black portions extend gradually as pressure is increased. The entire samples are observed to turn completely opaque at 31.6 GPa. Two solid phases therefore coexist during the color change to black. Sun et al. (18) reported that SiH 4 remains transparent in the pressure range 7-92 GPa. Our measurements were highly reproducible. We observed changes in optical properties at 27-30 GPa in six experimental runs. Moreover, our Raman data below 27 GPa clearly can be fully understood based on our obtained structural symmetry. We observed the changes in optical properties at 27-30 GPa in six experimental runs.
Vibrational frequencies provide information on the highpressure behavior (Fig. 2) . Four high-pressure solid phases are detected, which we designate as phases III, IV, V, and VI. Above 4 GPa, SiH 4 enters a solid phase III from its fluid state. A discontinuity in the Raman-active 1 , 2 , and 3 modes occurs at 6.5 GPa on going from phase III to IV. A solid-solid phase transition at 10 GPa from phase IV to phase V is identified based on a change of the number of Raman-active lattice bands. When solid SiH 4 becomes black above 26.5 GPa, three major SiOH bending 2 modes disappear. Meanwhile, pressure causes a decrease in the frequency of the 1 band in phase VI. These rich features across the V-VI phase boundary at 26.5 GPa and line broadening of most modes beyond that indicate a change in the structure of SiH 4 . It should be noted that no Raman bands were observed for the highest-pressure phase, which appears above 32 GPa. The result excludes a decomposition to atomic (metallic) Si and molecular H 2 . Fig. 3 shows high-pressure reflectivity spectra of solid SiH 4 from 600 to 8,000 cm Ϫ1 . The data were corrected for the absorption by the diamonds. At all pressures, we observed fringes arising from interference between parallel surfaces in the pressure cell from ruby particles bridged between the diamond anvils. An important observation is the systematic increase in the 0 500 1000 2100 2400 Raman spectra of various high-pressure phases of SiH4 at room temperature: 1.7 GPa, fluid; 5.6 GPa, solid phase III; 9.6 GPa, phase IV; 18.1 GPa, phase V; 27.1 GPa, phases VϩVI; 31.6 GPa, phase VI. Photomicrographs in the center column are views through the diamond windows of the pressure cell (sample diameter, Ϸ200 m). At 27.1 GPa, the center portion of the sample turns into the opaque (but still nonmetallic) phase VI. At 31.6 GPa, the totally opaque sample indicates completion of transition to phase VI. reflectivity with pressure over most of the frequency range studied. The low-pressure data exhibit sharp 4 bands in the low-frequency region (see Fig. 4 ). The frequencies of these bands decrease with increasing pressure. As pressure is increased above 60 GPa, the low-frequency bands become weaker in the reflectivity spectra concomitant with a significant rise in reflectivity in the infrared. The reflectivity is above 80% down to 600 cm Ϫ1 .
Discussion
The reflectivity results provide spectroscopic evidence for the pressure-induced metallization in solid SiH 4 . The reflectivity is given by
where N ϭ n ϩ ik is the complex refractive index and n d is the refractive index of diamond for measurements in a diamond cell. The reflectivity coefficient r() ϭ ͉r()͉exp[i()] has amplitude ͉r()͉ and phase () components. In general, a material has characteristic resonant frequencies due to lattice vibrations and oscillations of the bound electrons within the atoms. The real and imaginary parts of the complex dielectric function ( ϭ 1 ϩi 2 ϵ N 2 ) can be fit to the reflectivity data (23)
where j and ␥ j are the frequency and damping terms of a particular resonance line, pj is the plasma frequency, and ϱ is the real part of the limiting dielectric constant. The results of the fits of the reflectivity data are also shown by the solid lines in Fig. 3 . We see that the model accounts for the general shape of the spectrum, indicating that solid SiH 4 is metallic when the pressure is Ͼ60 GPa. The obtained p is 1.20 ϫ 10 4 and 1.54 ϫ 10 4 cm Ϫ1 for 60.7 and 67.2 GPa, respectively.** These values are in the frequency range of metallic Pb at ambient conditions. The high-pressure spectra of SiH 4 show a broad absorption at high frequencies, which could be the result of a pressure-induced interband transition. As pressure increases, the broad absorption gradually increases. Similar behavior has been found for high-pressure metallic solid oxygen (24) . Although the reflectivity spectrum of SiH 4 is complex. The analysis thus indicates the onset of Drude-type behavior diagnostic of metallization at 60 GPa. A significant increase in reflectivity takes place on a low energy side, shifting with increasing pressure to high energies, as expected in a free electron metal.
We now compare these results with various theoretical predictions. Metallization of SiH 4 was first predicted to take place at 91 GPa in the Pman structure (13). Yao et al. (14) predicted that a metallic monoclinic phase with C2/c symmetry is dynamically stable at 90 and 125 GPa. They interpreted the insulator-metal transition to be associated with the transformation from a molecular to a polymeric phase with bridging hydrogens. Our observed pressure of metallization is close to, but lower than, these theoretical values. Meanwhile, Pickard and Needs (15) found that the predicted metallic C2/c phase becomes stable at 263 GPa, below which pressure an insulating phase having I4 1 /a symmetry remains the lowest enthalpy phase down to 50 GPa. In a powder x-ray diffraction study (25) , I4 1 /a was considered as a possible space group for a body-centered tetragonal structure of phase II. The Raman spectra reveal that all high-pressure phases up to 31.6 GPa differ from phase II.
Infrared reflectivity spectra of solid SiH 4 in the SiOH bending regime are shown in Fig. 4 . Three phonon bands near Ϸ850 cm Ϫ1 are observed and soften with increasing pressure. At 27 GPa, a new soft phonon mode at Ϸ738 cm Ϫ1 appears and grows in intensity and softens with increasing pressure. Combining this information with the disappearance of three 2 bands as well as the frequency decline of the 1 band in phase VI supports a major change in structure before the transition to a metallic phase, which has been confirmed by x-ray diffraction (19) . Additional x-ray data suggest a structural change. The structure and electronic properties above 60 GPa require further investigation. Fig. 2 also summarizes the evolution of the phonon bands with pressure. As can be seen, low-frequency lattice modes cross the bending SiOH modes near 27 GPa in the vicinity of the V-VI transition. This clearly shows that phase VI is not molecular. The color of the sample also changes remarkably at the transition from phase V to VI, suggesting a large decrease of the band gap energy. Therefore, both the structural phase transition and band gap closure contribute to the pressure-induced metallization of SiH 4 .
Conclusions
High-pressure spectroscopy has been used to characterize the high-pressure behavior of silane. We find from Raman spectroscopy the fluid-solid transition at Ϸ4.0 GPa and three solid-solid transitions near 6.5, 10, and 26.5 GPa at room temperature (above which the material becomes opaque at 27-30 GPa). Infrared spectra more clearly show the character of the 26.5 GPa transition. The infrared results show an increase in reflectivity starting at 60 GPa, signaling pressure-induced metallization. Soft modes could be important if metallic SiH 4 eventually becomes a superconductor under pressure. Measurements of the electrical resistivity and higher pressure diffraction measurements will provide additional insight into this possibility.
Materials and Methods
SiH4 gas (99.998%; Aldrich) was loaded in diamond anvil cells with rhenium gaskets in a glove box. Sample loadings were done by precooling the chamber in liquid nitrogen, with ruby grains for measuring pressure from the R 1 luminescence line (26) . Once SiH 4 was trapped under pressure in the sample chamber, the cells were warmed to room temperature for the optical experiments. Raman spectra were measured in a backscattering geometry, with an argon ion laser for excitation. The collimated laser beam was focused with an estimated power on the sample of Ͻ25 mW. The Raman spectra were analyzed by a single-stage spectrograph with a multichannel CCD detector. Synchrotron infrared spectra were collected at the U2A beamline at the National Synchrotron Light Source of Brookhaven National Laboratory. The areas of the samples illuminated were 15 m in diameter. The system has a Bruker IFS 66v/S vacuum Fourier transform interferometer and Bruker IRscope-II microscope equipped with a nitrogen cooled HgCdTe type-A detector. All spectra were obtained at room temperature with a resolution of 4 cm Ϫ1 . **The model parameters are: at 60.7 GPa, nd ϭ 2.38, ϱ ϭ 8.0, ␥1 ϭ 384 cm Ϫ1 , p2 ϭ 7.20 ϫ 10 4 cm Ϫ1 , 2 ϭ 6.70 ϫ 10 3 cm Ϫ1 , and ␥2 ϭ 9.20 ϫ 10 3 cm Ϫ1 ; at 67. Fig. 4 . Infrared reflectivity spectra of SiH4 in the SiOH bending region. The tick labels on the reflectivity axis denote zero reflectivity at each pressure. The spectra are offset with the exception of the spectra at 32.8 and 45.3 GPa have the same zero point. The arrows indicate the appearance of new fundamental modes when the SiH4 sample becomes opaque.
